Anaerobic bacteria involved in the degradation of long-chain fatty acids (LCFA), in the presence of sulfate as electron acceptor, were studied by combined cultivation-dependent and molecular techniques. The bacterial diversity in four mesophilic sulfate-reducing enrichment cultures, growing on oleate (C18:1, unsaturated LCFA) or palmitate (C16:0, saturated LCFA), was studied by denaturing gradient gel electrophoresis (DGGE) profiling of polymerase chain reaction (PCR)-amplified 16S rRNA gene fragments. These enrichment cultures were started using methanogenic inocula in order to assess the competition between methanogenic communities and sulfate-reducing bacteria. Phylogenetic affiliation of rRNA gene sequences corresponding to predominant DGGE bands demonstrated that members of the Syntrophomonadaceae, together with sulfate reducers mainly belonging to the Desulfovibrionales and Syntrophobacteraceae groups, were present in the sulfate-reducing enrichment cultures. Subculturing of LCFA-degrading methanogenic cultures in the presence of sulfate resulted in the inhibition of methanogenesis and, after several transfers, archaea could no longer be detected by real-time PCR. Competition for hydrogen and acetate was therefore won by sulfate reducers, but acetogenic syntrophic bacteria were the only known LCFA-degrading organisms present after subculturing with sulfate. Principal component analysis of the DGGE profiles from methanogenic and sulfate-reducing oleate-and palmitate-enrichment cultures showed a greater influence of the substrate than the presence or absence of sulfate, indicating that the bacterial communities degrading LCFA in the absence/presence of sulfate are rather stable.
Introduction
Long-chain fatty acids (LCFA) are the main products of lipids hydrolysis, and are commonly found in several types of wastewaters. Through effective anaerobic treatment, LCFA can be microbiologically converted to large amounts of biogas (Pereira et al., 2002a; , a renewable source of energy. However, in wastewaters containing sulfate, the potential for the energetic valorization of LCFA through production of methane-rich biogas can decrease due to a total or partial inhibition of methanogenesis. Sulfate is a widespread compound in some of the LCFA-rich wastewaters, as the ones produced in slaughterhouses, food-processing industries and edible oil production units. In methanogenic environments, LCFA are completely degraded to methane and carbon dioxide by complex syntrophic communities involving acetogenic syntrophic bacteria and methanogenic acetate-and hydrogen-consuming archaea (Sousa et al., 2007a) . However, in wastewaters containing sulfate, sulfate-reducing bacteria (SRB) can out-compete syntrophic acetogens for fatty acids and methanogens for hydrogen and/or acetate (Colleran et al., 1995) .
Many SRB can incompletely oxidize LCFA to acetate or acetate plus propionate or, ultimately, to CO 2 and sulfide (Rabus et al., 2006) , with no need of a syntrophic partner. The ability to degrade LCFA is widespread among SRB, and has been shown for members of 15 different genera within the Desulfobacterales, Desulfuromonadales, Syntrophobacterales and Clostridiales orders (Rabus et al., 2006; Rees and Patel, 2001) . These bacteria were isolated from marine and freshwater sediments and from oil field waters. Their presence in anaerobic reactors treating lipids-and LCFA-based wastewaters, however, was never reported. Conversely, hydrogen-and acetate-consuming SRB are commonly found in anaerobic sludge reactors. Competition for hydrogen between methanogens and SRB has been reported to occur in anaerobic reactors treating different effluents (Isa et al., 1986; Visser et al., 1993; Harada et al., 1994; O'Flaherty et al., 1998) . Reports on the competition of methanogenic aceticlastic archaea and SRB are more contradictory; a predominance both of SRB (Alphenaar et al., 1993; Stucki et al., 1993; Gupta et al., 1994; Oude Elferink et al., 1995) and of methanogens (Isa et al., 1986; Visser et al., 1993; Omil et al., 1996; O'Flaherty et al., 1998) has been observed.
To date, little is known about the microbial communities involved in the degradation of LCFA in anaerobic bioreactors with high levels of sulfate. Also, there are no reports on the potential competition of syntrophs and methanogens with SRB during the degradation of LCFA in this type of systems. In this work, a combined approach of molecular microbial ecology techniques and cultivation experiments was used to study the effect of sulfate on the microbial composition of LCFA-degrading methanogenic communities. Bacterial community dynamics in distinct enrichment series, growing on oleate (unsaturated, C 18:1) or palmitate (saturated, C16:0), were studied by 16S rRNA gene denaturing gradient gel electrophoresis (DGGE) fingerprinting analysis and subsequent sequence analysis. Competition between SRB and methanogens in these enrichment cultures was surveyed by relative quantification of archaea, using real-time polymerase chain reaction (PCR). This provided insight into microbial communities involved in LCFA degradation in the presence of sulfate, including the competition between methanogens and sulfate reducers during this process.
Results

Molecular profiling of the bacterial communities
Four distinct sulfate-reducing oleate-and palmitateenrichment cultures were obtained through repeated transfers into fresh medium containing 1 mM oleate (C 18:1, unsaturated LCFA) or 1 mM palmitate (C16:0, saturated LCFA) plus 10 mM sodium sulfate. Enrichment series OS and PS (O-oleate; P-palmitate; S-sulfate) were inoculated with anaerobic sludge, sludge I, while specialized and well-characterized oleate and palmitate enrichments, cultures OM-12 and PM-12 (12 corresponds to the number of transfers of the methanogenic enrichments previous to their use as inoculum in this work), were used to start up enrichment series OM→OS and PM→PS (see Fig. S1 for a schematic representation of the experiment set-up). Substrate degradation by the different enrichment cultures (series OS, PS, OM→OS and PM→PS) was observed by the clearing of the liquid. Addition of oleate and palmitate to the medium causes an immediate turbidwhite appearance, which disappears when the substrate is consumed. After 3-4 weeks of incubation of the enrichment cultures, turbidity of the medium decreased and sulfide could be detected (data not shown), indicating oleate/palmitate degradation. This shift in appearance and the detection of sulfide were the decision parameters to transfer the cultures to fresh medium. In all the four enrichment series, sulfate reduction started during the first incubation with sulfate (OS-1, PS-1, OM→OS-1 and PM→PS-1), and after four successive transfers in the presence of sulfate (OS-4, PS-4, OM→OS-4 and PM→PS-4), no methane could be detected in the bottles' headspace (data not shown). Stable sulfate-reducing enrichment cultures (after four or more successive transfers) were quantitatively analysed for sulfide and volatile fatty acids (VFA) concentrations. Average sulfide concentrations in the medium (after approximately 4 weeks of incubation) were 5.2 Ϯ 1.1 and 7.7 Ϯ 2.4 mM for the oleate-and palmitate-enrichment cultures respectively. Acetate, up to 2 mM, was the only VFA accumulating in the sulfate-reducing oleate-enrichment cultures; no VFA were detected in the palmitate enrichments. Analysis of the bacterial communities developed in the OS and PS enrichment cultures, as well as changes in the bacterial community composition of methanogenic oleate-and palmitate-enrichment cultures incubated with sulfate, was performed by using PCR amplification of bacterial 16S rRNA gene fragments followed by DGGE fingerprinting.
Sulfate-reducing OS (Fig. 1A) and PS ( Fig. 1C ) cultures showed gradually less diverse DGGE patterns over successive transfers in the presence of oleate or palmitate, which is consistent with an average decrease in the bacterial diversity upon enrichment. Oleate-enrichment samples taken after four subsequent transfers (OS-4 to OS-7) showed an average Shannon diversity index (H) of 1.63 Ϯ 0.08, which represents a decrease of 40 Ϯ 3% compared with the initial bacterial diversity in the inoculum (H of 2.73). Similarly, average bacterial diversity in samples PS-4 to PS-7 (2.30 Ϯ 0.16) decreased by 16 Ϯ 6% in comparison with the inoculum sludge. An evident shift in the bacterial community structure was already observed after the first transfer in the presence of oleate or palmitate (Fig. 1A , lane OS-1 and Fig. 1C , lane PS-1 respectively), when compared with the inoculum (Fig. 1A and C, lanes sludge I). Pearson similarity coefficients of 12% and 34% between the inoculum and samples OS-1 and PS-1, respectively, were obtained. DGGE profiles of the oleate-enrichment culture from the fourth transfer onwards (OS-4 to OS-7) appeared to be rather stable with an average Pearson similarity of 84 Ϯ 2%. A relatively lower average Pearson similarity was found between palmitate-enrichment samples PS-4 to PS-7, i.e. 54 Ϯ 16%. Although the same inoculum was used for starting up OS and PS enrichment series, DGGE profiles obtained after enrichment with either substrate were clearly different (Fig. 1) , and Pearson similarity between samples OS-7 and PS-7 was as low as 16%.
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Methanogenic enrichment cultures used as inoculum for OM→OS and PM→PS enrichment series showed already a low bacterial diversity -H of 1.21 and 1.96 for cultures OM-12 and PM-12 respectively ( Fig. 1B and D) . In the presence of sulfate, the bacterial diversity in the oleate-enrichment culture slightly increased (H of 1.63 for sample OM→OS-4). Conversely, in the palmitateenrichment series the bacterial diversity index for culture PM→PS-4 was lower, i.e. H 1.22, than in the corresponding inoculum. For both sulfate-reducing enrichment series, OM→OS and PM→PS, a shift in the bacterial communities was observed (Pearson similarity coefficients of 53% and 62% between OM-12/OM→OS-4 and PM-12/PM→PS-4 respectively), suggesting an adaptation of the communities to the presence of sulfate.
Structure of the bacterial communities
Predominant bands from stable sulfate-reducing oleate and palmitate enrichments were identified by cloning and sequencing of the 16S rRNA gene (Fig. 2 , OS-7 and PS-7). A total of 168 and 125 transformants were obtained from OS-7 and PS-7 enrichments respectively. V6 to V8 regions of the cloned 16S rRNA gene of cell lysates with different ARDRA profiles were further amplified, and electrophoretic mobility of these amplicons was compared with DGGE profiles of the oleate-and palmitateenrichment samples. Amplicons with the same mobility as predominant DGGE bands in the oleate-and palmitateenrichment profiles were selected for sequence analysis. Supporting the semi-quantitative value of DGGE analysis, predominant bands in DGGE profiles were found to correspond to most abundant ARDRA ribotypes observed in the clone libraries. A total of 72% and 66% of the clones retrieved from the enrichment cultures could be assigned to the predominant bands in the DGGE profiles of the oleate-and palmitate-enrichment cultures respectively. Phylogenetic affiliation of the retrieved sequences was performed by secondary structure-assisted alignment (Fig. 3) .
Phylogenetic analysis showed that both sulfatereducing oleate-and palmitate-enrichment cultures were mainly composed of syntrophic acetogenic bacteria belonging to the Syntrophomonadaceae, together with sulfate reducers belonging to the Desulfovibrionales and Syntrophobactereacea clusters (Fig. 3) . Similarly, a previ- ous study on the molecular analysis of methanogenic oleate-and palmitate-enrichment cultures (Sousa et al., 2007b) revealed that syntrophic fatty acid-degrading bacteria belonging to the Syntrophomonadaceae were predominant, and most probably responsible for LCFA degradation in syntrophic interaction with methanogens (see also Fig. 2 , lanes OM-12 and PM-12, and Fig. 3) .
Clones OS111 and PS18, branching within the syntrophic fatty acid-oxidizing bacteria, share high similarity with sequences obtained from methanogenic oleateand palmitate-enrichment cultures (99% and 97% identity between clones OS111/OM14 and PS18/PM63 respectively) (Sousa et al., 2007b; Figs 2 and 3) . Clones OM14 and OS111 are closely related to Syntrophomonas zehnderi (99% 16S rRNA gene identity), a syntrophic oleate-degrading bacterium (Sousa et al., 2007c) . DGGE band corresponding to clone OM14 from sample OM-12 persisted as a predominant band even after incubation and successive transfers of the methanogenic oleateenrichment culture in medium containing sulfate ( Fig. 2A , lanes OM-12 and OM→OS-4). Similarly, clone PM26, clustering also within the syntrophic fatty acid oxidizers, maintained its predominance after incubation of the methanogenic palmitate-enrichment culture in the presence of sulfate (Fig. 2 , lanes PM-12 and PM→PS-4, and Fig. 3 ). DGGE band corresponding to clone PM63 in the methanogenic palmitate-enrichment culture was virtually absent in the DGGE profile after contact with sulfate ( Fig. 2 ; lanes PM-12 and PM→PS-4 respectively). This band represented a probable fatty acid-oxidizing bacteria branching within the Syntrophomonas genus (Sousa et al., 2007b; Fig. 3) .
In addition to syntrophic fatty acid-oxidizing bacteria, SRB belonging to the genera Desulfovibrio (clones OS74 and PS2) and Desulfomicrobium (clones OS34 and PS10) were detected in the sulfate-reducing oleate-and palmitate-enrichment cultures (Figs 2 and 3). The DGGE band corresponding to clone OM44, representing a close relative of Desulfovibrio sp., was already observed in the methanogenic oleate-enrichment culture prior to sulfate addition (Sousa et al., 2007b) , but significantly increased in relative intensity after incubation with sulfate ( Fig. 2) . Additionally, in the oleate-enrichment cultures (OS and OM→OS) there was a predominant band corresponding to a Desulforhabdus-like microorganism (clone OS22). This DGGE band was already detected as predominant after the first incubation of the OS cultures with sulfate and appears in the OM→OS cultures just after two subsequent incubations with sulfate (Figs 1 and 2). The type strain of this genus, Desulforhabdus amnigena, is an acetate-consuming microorganism that can use hydrogen and acetate simultaneously (Oude Elferink et al., 1998) . In addition, the related sulfate-reducing microorganism Thermodesulforhabdus norvegica is able to grow on LCFA, such as palmitate (C 16:0) and stearate (C18:0), at moderately high temperature (Beeder et al., 1995) . Degradation of these LCFA by D. amnigena was never tested, although it can grow on the C4-fatty acid butyrate (Oude Elferink et al., 1995) . To evaluate this possibility, utilization of oleate (C18:1) and palmitate (C16:0) by D. amnigena (DSM 10 338) was tested in this study, but no growth was observed.
Microorganisms branching within the Syntrophobacteraceae group, corresponding to clones PS3 and PS6, have been previously detected in methanogenic palmitateenrichment cultures (Sousa et al., 2007b) , and show high identity (99% identity between clones PS3/PM82 and PS6/PM82) (Figs 2 and 3). Despite the high 16S rRNA gene sequence similarity of clones PS3, PS6 and PS82, corresponding DGGE bands did not resolve at the same position (Fig. 2) , indicating that these 16S rRNA gene sequences represent different bacterial strains. Identity of clones PS3 and PS6 with known SRB is rather low and closest related species are Syntrophobacter and Desulforhabdus (both with 90% 16S rRNA gene identity).
Principal component analysis of the bacterial DGGE profiles
Comparison of the bacterial DGGE profiles from methanogenic and sulfate-reducing oleate-and palmitateenrichment series was performed by using principal component analysis (PCA, Fig. 4 ). It is important to note that the same inoculum sludge (sludge I) was used to start up methanogenic, OM and PM, and sulfate-reducing, OS and PS, enrichment series. Also, cultures OM-12 and PM-12, used as inoculum for enrichments OM→OS and PM→PS, were derived from enrichment series OM and PM respectively.
Results of the PCA of individual DGGE fingerprints further support the separation of profiles into two main clusters along the first principal component based on the substrate used as carbon and energy source (Fig. 4) . In fact, the use of oleate (C 18:1, unsaturated LCFA) or palmitate (C16:0, saturated LCFA), in four different enrichment series starting from the same inoculum, resulted in two clusters distantly related to the seed sludge, and rather associated to the substrate used. This suggests that the substrate supplied during the enrichment process played a more important role in the bacterial community differentiation than the absence/presence of sulfate.
Relative abundance of archaea determined by real-time PCR
Relative quantification of archaeal and bacterial 16S rRNA gene copy numbers in methanogenic and sulfatereducing enrichment cultures was achieved using domain-specific real-time PCR assays. It can be assumed that in anaerobic bioreactor sludges' most archaea are Fig. 3 . Phylogenetic tree of bacterial 16S rRNA gene sequences retrieved from the stable oleate-and palmitate-enrichment cultures in the presence of sulfate (OS-7, PS-7). The tree was calculated using the ARB software package (Ludwig et al., 2004) and applying the neighbour-joining method (Saitou and Nei, 1987) . Closely related sequences, with the respective GenBank accession number, are shown as reference. Thermotoga lettingae (AF355615) was used as out-group. Percentages shown in parenthesis correspond to the relative abundance of clones with identical ARDRA profiles (calculated from a total of 168 and 125 clones retrieved from OS-7 and PS-7 cultures respectively); all the other ARDRA profiles showed relative abundances of less than 3%. Fig. 4 . Principal component analysis of DGGE profiles obtained after specific 16S rRNA gene amplification of genomic DNA from methanogenic and sulfate-reducing oleate-and palmitate-enrichment series (OM, PM, OS, PS, OM-OS and PM-PS enrichment series; numbers correspond to the number of transfers; all the enrichment series were started from the same inoculum sludge I). PC1 and PC2 explain 32.6% and 17.8% of the variation respectively. PC1 separates oleate from palmitate enrichments.
methanogens (Godon et al., 1997; Sekiguchi et al., 1998) . Therefore relative archaeal copy numbers were used as indication for the presence or absence of methanogenic microorganisms in the different enrichment cultures as well as the inoculum used for the sulfate-reducing and methanogenic enrichment series.
A relative archaeal gene copy abundance of 41 Ϯ 5% was observed in the inoculum sludge. After enrichment of oleate and palmitate degraders, in the absence of sulfate, this number decreased to 23 Ϯ 11% and 15 Ϯ 4% respectively. The presence of sulfate in the medium completely inhibited the growth of archaea present in the initial inoculum sludge, and after seven successive transfers no archaea were detected in the sulfate-reducing oleateand palmitate-enrichment cultures. Moreover, when the methanogenic oleate-and palmitate-enrichment cultures were incubated and successively transferred in medium containing sulfate, archaeal 16S rRNA gene copy numbers sharply decreased to non-detectable values.
Discussion
This study describes the application of DGGE, cloning and sequencing to monitor the bacterial communities present in sulfate-reducing oleate-and palmitateenrichment cultures. Application of these molecular methods, in combination with cultivation, provided insights into bacterial populations involved in the anaerobic degradation of unsaturated (oleate, C 18:1) and saturated (palmitate, C16:0) LCFA, in the presence of sulfate. Additionally, the use of real-time PCR showed the outcompetition of archaea present in methanogenic communities in the presence of sulfate as electron acceptor.
Considerable differences were found in the OS and PS cultures after enrichment, although both enrichment series were set up with the same inoculum (Fig. 1 , lanes OS-7 and PS-7). Differentiation towards the LCFA used during the enrichment process was previously observed in methanogenic oleate and palmitate enrichments (Sousa et al., 2007b) . In this study, PCA of the DGGE profiles from oleate-and palmitate-enrichment cultures confirmed this difference. In fact, application of PCA to DGGE profiles corresponding to oleate-and palmitateenrichment cultures, in which sulfate reduction (OS and PS) or methanogenesis (OM and PM) was favoured, showed that the organic substrate used during enrichment more strongly affected bacterial community structure than the presence or absence of sulfate itself (Fig. 4) . It is interesting to note that oleate enrichments form a much more coherent and compact cluster compared with the different palmitate-enrichment series. One reason that might partially explain the differential clustering of the bacterial communities present in oleate-and palmitateenrichment cultures is the fact that the two LCFA used have different degree of chain saturation. Oleate (C 18:1) is an unsaturated LCFA with a double bond at position C9, while palmitate (C16:0) has a completely saturated chain. In fact, the ability of using unsaturated LCFA is not common to all fatty acid-oxidizing bacteria. To date, the only syntrophic acetogenic bacteria described as capable of utilizing mono-and/or polyunsaturated LCFA (with more than 12 carbon atoms) are Syntrophomonas sapovorans (Roy et al., 1986) , Thermosyntrophica lipolytica (Svetlitshnyi et al., 1996) , Syntrophomonas curvata (Zhang et al. 2004) and S. zehnderi (Sousa et al., 2007c) . Degradation of unsaturated LCFA by fatty acid-oxidizing SRB was never reported.
Phylotypes affiliated with only a few genera were detected as predominant populations in the sulfatereducing oleate-and palmitate-enrichment cultures. These phylotypes included members of Syntrophomonas, as well as SRB closely affiliated with Desulfovibrio, Desulfomicrobium and Desulforhabdus (Fig. 3) . Microorganisms branching within the Syntrophobacteraceae group, but with very low resemblance to yet described genera, were detected in the sulfate-reducing palmitateenrichment culture (clones PS3 and PS6, Fig. 3 ). According to the physiological characteristics of known Syntrophomonas spp., one can infer that these syntrophic fatty acid-oxidizing bacteria are responsible for oleate and palmitate b-oxidation. Hydrogen and acetate formed during this conversion could further be degraded via sulfate reduction by members of Desulfovibrio, Desulfomicrobium and Desulforhabdus genera, making the overall process thermodynamically feasible. Microorganisms corresponding to clones PS3 and PS6, detected in the sulfate-reducing palmitate-enrichment culture, have a less clear role in this system. Based on 16S rRNA gene analysis, distance of these microorganisms to characterized SRB is rather high; closest related microorganisms to clones PS3 and PS4 are Syntrophobacter and Desulforhabdus species, but with low 16S rRNA identity (i.e. 90%) (Fig. 3) . A characteristic of almost all the described Syntrophobacter species is their ability to couple the oxidation of propionate to the reduction of sulfate (Wallrabenstein et al., 1994; Harmsen et al., 1998; Chen et al., 2005; Imachi et al., 2007) , while D. amnigena (the only Desulforhabdus species described thus far) is a sulfate reducer that utilizes besides a number of other substrates also acetate for growth. Growth on LCFA by SRB belonging to these genera has never been reported, although D. amnigena is able to grow on short-chain fatty acids such as butyrate. Also it is not likely that bacteria corresponding to clones PS3 and PS6 are using propionate, because this is not an expected intermediary product from palmitate degradation. In this way, acetate is left as a probable substrate for bacteria corresponding to clones PS3 and PS6 although utilization of butyrate, a probable intermediate of palmitate degradation, is also a possible function of such bacteria. Uncertainty of the actual role of these bacteria during palmitate degradation warrants future efforts for their isolation and physiological characterization.
Sulfate-reducing bacteria known as fatty acids oxidizers were not detected in the oleate-and palmitate-enrichment cultures, in the presence of sulfate. Theoretically, SRB could compete with acetogenic syntrophic bacteria for common substrates. In the presence of butyrate and sulfate, some SRB such as Desulfobacterium autotrophicum (Brysch et al., 1987) and Desulfococcus multivorans (Stieb and Schink, 1989 ) have a kinetic growth advantage over the acetogenic Syntrophomonas wolfei (McInerney et al., 1979; , implying that competition for butyrate may occur. Although these two SRB can also degrade LCFA, growth kinetic parameters in the presence of LCFA were never determined. In more complex environments little is known about this competition. Using most probable number counting, Visser and colleagues (1993) found that syntrophic butyrate oxidizers were able to compete effectively with sulfate reducers for butyrate, even at an excess of sulfate. No competition studies between acetogens and SRB were ever performed for degradation of fatty acids with more than four carbon atoms.
Overall, characterization of the bacterial communities present in oleate and palmitate enrichments in the presence (this study) and absence (Sousa et al., 2007b) of sulfate reinforced the importance of syntrophic fatty acidoxidizing bacteria during anaerobic LCFA degradation. Previous studies on LCFA degradation in methanogenic bioreactors have identified members of this group as important players in the process (Pereira et al., 2002b; Sousa et al., 2007a) . However, this is the first report that shows a predominance of syntrophic fatty acid-oxidizing bacteria in LCFA-degrading cultures in the presence of sulfate. The major difference found between methanogenic and sulfate-reducing LCFA enrichments is therefore not related to the predominant groups of LCFA-degrading bacteria, but to the hydrogen-and acetate-consuming microorganisms present. In the presence of sulfate, hydrogen-and acetate-consuming methanogens are outcompeted by sulfate reducers, as was verified after the addition of sulfate to methanogenic oleate-and palmitateenrichment cultures. After incubation (and successive subculturing) in media with sulfate of methanogenic oleate-and palmitate-enrichment cultures, predominant bands corresponding to Desulfovibrio-and Desulfohabdus-related microorganisms appeared in the DGGE profiles of these samples (Figs 2 and 3) . Moreover, no archaea could be detected by real-time PCR in samples after incubation with sulfate, confirming that the methanogenic community was out-competed. Thermodynamically, conversion of hydrogen and acetate via sulfate reduction is more favourable than their conversion via methanogenesis, as follows [DG 0 ′ values were taken from Thauer and colleagues (1977) Additionally, kinetic properties of SRB and methanogens also indicate that the outcome of the competition for these common substrates might be in favour of SRB (Stams et al., 2005) . Sulfate-reducing bacteria have a higher affinity for hydrogen than methanogens, which is related to the fact that sulfate reducers can keep the hydrogen partial pressure lower than methanogens (McInerney et al., 1981) . This higher affinity for hydrogen coupled with a higher biomass yield indicates that SRB can effectively out-compete methanogens, when growing at limiting substrate levels (Colleran et al., 1995) . This is consistent with the fact that in oleate-and palmitate-enrichment cultures cultivated with sulfate hydrogenotrophic SRB, namely Desulfovibrio-and Desulfomicrobium-related species, took over methanogens during hydrogen scavenging. Concerning acetate utilization, postulates about kinetic properties from SRB and methanogens are not so straightforward. Actually, kinetic properties of Methanosaeta species do not differ significantly from the ones shown by acetate-consuming SRB, namely D. amnigena (Oude Elferink et al., 1998) . A closely related microorganism to D. amnigena is predominantly present in sulfate-reducing oleate-enrichment cultures. However, its advantage might be related with a higher tolerance to oleate when compared with methanogens. Note that in methanogenic oleate-enrichment cultures acetate was accumulating in the medium meaning that aceticlastic methanogens were virtually not present or inactive (Sousa et al., 2007b) ; also, aceticlastic methanogens are reported as being more affected by the presence of LCFA (Hanaki et al., 1981; Koster and Cramer, 1987; Rinzema et al., 1994; Lalman and Bagley, 2001 ). In the sulfate-reducing palmitateenrichment cultures no evident acetate-degrading SRB could be identified. However, as discussed above, acetate is most likely used by microorganisms corresponding to clones PS3 and PS6. However, the phylogenetic distance of these microorganisms to known SRB does not permit a clear view on their physiologic and kinetic properties. The Effect of sulfate on methanogenic LCFA-degrading communities 75 observed rapid onset of sulfate reduction in the enrichment cultures cultivated with sulfate could be related to the presence of non-sulfate-dependent SRB in the methanogenic enrichment cultures (e.g. clone OM44, Figs 2 and 3). Although these SRB do not depend on sulfate reduction, its use as electron acceptor might be metabolically more favourable.
In conclusion, enrichment of anaerobic sludge on oleate (C18:1, unsaturated LCFA) and palmitate (C16:0, saturated LCFA) in the presence of sulfate resulted in the development of two distinct syntrophic communities. Two major groups -syntrophic LCFA-degrading bacteria and sulfate-reducing hydrogen and acetate consumerscould be identified in the enrichment cultures. No known sulfate-reducing LCFA-degrading bacteria were detected in the oleate-and palmitate-enrichment cultures. Sulfatereducing hydrogen and acetate consumers were shown to rapidly out-compete methanogens when sulfate is present. Further study of the microbial populations in different anaerobic reactors treating lipids/LCFA-based wastewaters, in the presence of sulfate, might be important to model competition between methanogens and SRB in this type of systems.
Experimental procedures
Medium composition and cultivation
A bicarbonate-buffered mineral salt medium was used for enrichment. Serum bottles were sealed with butyl rubber septa and aluminium crimp caps, and the headspace was flushed with a mixture of N2/CO2 (80:20; 1.7 ¥ 10 5 Pa). Mineral medium was reduced with 0.8 mM sodium sulfide (Na2S·9H2O) before inoculation. Substrates supplied as sodium salts and sodium sulfate were added from sterile stock solutions to the required final concentrations. All inoculations and transfers were performed aseptically using sterile syringes and needles, and all cultures were incubated statically at 37°C in the dark.
Sulfate-reducing oleate-and palmitate-enrichment cultures
Anaerobic sludge, acclimated to LCFA, was used for the start-up of sulfate-reducing oleate-and palmitate-enrichment cultures. Sludge acclimation to LCFA consisted of a continuous-batch process. First, anaerobic sludge (obtained from a municipal sludge digester) was continuously loaded with a synthetic skim milk/oleate-based effluent. After 77 days of continuous loading, sludge was collected from the reactor, washed twice with anaerobic basal medium to remove any dissolved substrates that were present in the medium and incubated in batch vials. During batch incubation no carbon source was supplemented to the sludge, so that biomass-associated LCFA could be completely degraded. After approximately 10 days of batch incubation, biomass was washed and concentrated with anaerobic medium and used to inoculate enrichment series OS and PS (concurrently with enrichment series OM and PM; Sousa et al., 2007b) . During the acclimation process (that lasted for 87 days) no sulfate or other external electron acceptor was supplemented to the sludge so pressure directed the system towards methanogenesis. Enrichment series OM→OS and PM→PS were started by transferring highly enriched methanogenic oleate-and palmitate-degrading cultures (cultures OM-12 and PM-12 deriving from enrichment series OM and PM; Sousa et al., 2007b) to medium containing oleate and palmitate, respectively, plus sulfate. Sulfate-reducing enrichment series were further developed by successive transfers of active cultures (10% v/v) into new medium containing 10 mM sodium sulfate plus 1 mM oleate (C18:1, unsaturated LCFA) or 1 mM palmitate (C16:0, saturated LCFA) (see Fig. S1 for a schematic representation of the experiment set-up). Oleate and palmitate (sodium salts of fatty acids) (Fluka, Riedel-deHaën, Sigma-Aldrich, Seelze, Germany) were added to the medium from sterile stock solutions to a final concentration of 1 mM, and served as the sole source of carbon and energy. LCFA degradation was easily observed by the clearing of LCFA in solution and/or suspension (addition of oleate or palmitate to the medium causes an immediate turbid-white appearance). Sulfide production and methane formation during LCFA degradation were detected using a colour indication method and gas chromatography, respectively, as described below.
Oleate and palmitate utilization by a SRB
Growth of D. amnigena DSM 10338 on oleate or palmitate was tested using the same basal medium and conditions applied to the enrichment cultures (1 mM oleate/palmitate plus 10 mM sulfate, 37°C). Desulforhabdus amnigena DSM 10338 was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Braunschweig, Germany.
Analytical methods
Before each transfer of the enrichment cultures, sulfide was detected using a colour indicator method with copper sulfate. Briefly, 0.1 ml of liquid sample was added to 1 ml of an acidic copper sulfate solution containing 1.3 g of CuSO4·5H2O and 4.2 ml of concentrated HCl (37%) per litre. Colour development from colourless/yellow to light/dark brown, due to the formation of CuS colloids, is indicative of sulfide presence at concentrations ranging from 1 to 10 mM. Stable sulfatereducing oleate-and palmitate-enrichment cultures were quantitatively analysed for sulfide and VFA. Sulfide was determined colorimetrically after reaction with N,N-dimethylp-phenylenediamine oxalate according the method described by Trüper and Schlegel (1964) . Volatile fatty acids were analysed by high-pressure liquid chromatography from centrifuged (10 000 g, 10 min) samples of the culture media. Volatile fatty acids were measured with a Polyspher OA HY column (300 to 6.5 mm; Merck, Darmstadt, Germany) and an RI SE-61 refractive index detector (Shodex, Tokyo, Japan). The mobile phase was 0.01 N H2SO4 at a flow rate of 0.6 ml min -1 . The column temperature was 60°C. Gas in the bottles' headspace was checked for the presence of methane. Gas samples were analysed by gas chromatogra-phy with a GC-14B apparatus (Shimadzu, Kyoto, Japan) equipped with a packed column (molsieve 13X 60/80 mesh, 2 m length, 2.4 mm internal diameter; Varian, Middelburg, the Netherlands) and a TCD detector. The oven temperature was 100°C and the injector and detector temperatures were 90°C and 150°C respectively. Argon was the carrier gas at a flow rate of 30 ml min -1 .
DNA extraction and PCR amplification
Approximately 10 ml aliquots of well-homogenized microbial cultures were immediately concentrated by centrifugation (10 509 g, 5 min) at the time of sampling, frozen and stored at -20°C. Total genomic DNA was extracted using a FastDNA SPIN Kit for Soil (Qbiogene, Carlsbad, CA, USA). The 16S rRNA genes were amplified by PCR using a Taq DNA Polymerase kit (Life Technologies, Gaithersburg, MD, USA) with primers targeting conserved domains. Reaction preparation and thermocycling programmes used for amplification were as those described previously (Sousa et al., 2007a) . All primers used were synthesized commercially by MWG-Biotech (Ebersberg, Germany) (Table S1 ). Bacterial 16S rRNA genes were selectively amplified for cloning using primers Bact27-f and Uni1492-r. For DGGE analysis PCR products were generated using primers U968GC-f and L1401-r, targeting the V6 to V8 region of bacterial 16S rRNA. Size and yield of PCR products were estimated using a 100 bp DNA ladder (MBI Fermentas, Vilnius, Lithuania) by 1% agarose gel (w/v) electrophoresis and ethidium bromide staining.
DGGE analysis
DGGE analysis of the amplicons was performed as described by Zoetendal and colleagues (2001) by using the Dcode system (Bio-Rad, Hercules, CA, USA) with 8% (v/v) polyacrylamide gels and a denaturant gradient of 30-60%. A 100% denaturing solution was defined as 7 M urea and 40% formamide. Electrophoresis was performed for 16 h at 85 V in a 0.5¥ TAE buffer at 60°C. DGGE gels were stained with AgNO3 as described by Sanguinetti and colleagues (1994) , scanned at 400 dpi, and the DGGE profiles were compared using the GelCompar II TM software (Applied Maths BVBA, Sint-Martens-Latem, Belgium). After image normalization, bands were defined for each sample using the bands search algorithm within the programme. Similarity indices of the compared profiles were calculated from the densitometric curves of the scanned DGGE profiles by using the Pearson product-moment correlation coefficient (Hane et al., 1993) . Principal component analysis of the DGGE profiles was performed as implemented in the CANOCO 4.5 software package (Biometris, Wageningen, the Netherlands), using binary band matching values. Peak heights in the densitometric curves were also used to determine the diversity indices based on the Shannon-Wiener diversity index, calculated as follows:
where H is the diversity index and Pi is the importance probability of the bands in a lane (Pi = ni/n, where ni is the height of an individual peak and n is the sum of all peak heights in the densitometric curves).
Cloning and sequencing of PCR-amplified products
Polymerase chain reaction amplicons were purified with the QIAquick PCR purification kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions and cloned into Escherichia coli JM109 (Invitrogen, Breda, the Netherlands) by using the Promega pGEM-T Easy vector system (Promega, Madison, WI, USA). After PCR amplification with the pGEM-T-specific primers PG1-f and PG2-r (Table S1 ), amplicons of the correct size were screened by ARDRA. Restriction enzymes MspI, CfoI and AluI (Promega, Madison, WI, USA) were used for this analysis, in the presence of 0.1 mg ml -1 acetylated bovine serum albumin (BSA). The restriction fragments were analysed by electrophoresis in a 4% agarose gel (w/v) and visualized with ethidium bromide. Plasmids of selected transformants, with different ARDRA pattern and corresponding to prominent bands in the DGGE community fingerprint, were purified using the QIAquick PCR purification kit (Qiagen, Hilden, Germany) and subjected to DNA sequence analysis. Sequencing reactions were performed at BaseClear (Leiden, the Netherlands) using pGEM-T vector-targeted sequencing primers, SP6 and T7, and 16S rRNA gene-targeted internal primer, Uni-533-f and Bact-1100-r (Table S1 ). Sequences were assembled and aligned using the programs EditSeq and SeqMan II (DNAstar, Madison, WI, USA). Consensus sequences were checked for potential chimera artefacts by the CHECK_CHIMERA program of the Ribosomal Database Project II (RDP release 8.1, http:// rdp8.cme.msu.edu/html/) (Cole et al., 2003) .
Phylogenetic analysis of 16S rRNA sequences
Similarity searches for the 16S rRNA gene sequences of enrichment culture-derived clones were performed using the NCBI BLAST search program within the GenBank database (Altschul et al., 1990) . Alignment of the 16S rRNA sequences was performed by using the FastAligner V1.03 tool of the ARB program package (Ludwig et al., 2004) . The resulting alignments were manually checked and corrected when necessary, and unambiguously aligned nucleotide positions were used for construction of a 16S rRNA gene-based phylogenetic tree, using the neighbour-joining method (Saitou and Nei, 1987) . Phylogenetic placement was performed in comparison with reference sequences with Felsenstein correction and application of appropriate filters at the respective phylum level.
Real-time PCR
Real-time PCR quantification of archaeal and bacterial 16S rRNA gene copies in sludge samples was carried using the iQ5 real-time PCR detection system and the iQ SYBR Green Supermix Kit (Bio-Rad, Hercules, CA, USA). Archaeal and bacterial 16S rRNA genes were amplified with primer sets ARC787-f/ARC1059-r and BAC338-f/BAC805-r (Table S1) , following the procedure previously described by Sousa and colleagues (2007a) . Relative abundance of archaea (%) in Effect of sulfate on methanogenic LCFA-degrading communities 77 the analysed samples was calculated using the following formula: Archaea copies/(Archaea copies + Bacteria copies) ¥ 100.
Nucleotide sequence accession numbers
Nearly complete 16S rRNA sequences of the 16S rRNA gene clones have been deposited in the GenBank database under Accession No. DQ984657 to DQ984666.
Supporting information
Additional Supporting Information may be found in the online version of this article: Fig. S1 . Flowsheet diagram of the experimental procedure used for obtaining the four distinct enrichment series presented in this study: two oleate-enrichment series -OS and OM→OS, and two palmitate-enrichment series -PS and PM→PS. OS and PS enrichment series derive directly from sludge I [previously adapted to LCFA as described by Sousa and colleagues (2007b) ]. This sludge was also used to start up enrichment series OM and PM, under methanogenic conditions (Sousa et al., 2007b) . Stable methanogenic enrichment cultures, OM-12 and PM-12, were further exposed to contact with sulfate in enrichment series OM→OS and PM→PS. Fig. S2 . Palmitate-and oleate-enrichment cultures before (PS-7/OS-7) and after (PS-6/OS-6) incubation. White-turbid Effect of sulfate on methanogenic LCFA-degrading communities 79 aspect of the liquid medium in bottles PS-7 and OS-7 is due to the palmitate/oleate in suspension; after 3-4 weeks of incubation liquid medium becomes transparent, as can be observed in bottles PS-6 and OS-6, indicative of microbial degradation of the LCFA. Fig. S3 . Pathways suggested in the present work for oleate and palmitate degradation under (A) methanogenic and (B) sulfate-reducing conditions. In a first step, analogous in methanogenic and sulfate-reducing enrichments, oleate and palmitate are converted to acetate and hydrogen by acetogenic syntrophic bacteria. A second step, in which hydrogen and acetate are consumed, makes LCFA oxidation thermodynamically feasible. In the absence of sulfate hydrogen and acetate are utilized by methanogenic archaea while in the presence of sulfate this is performed by sulfate-reducing bacteria. Table S1 . Oligonucleotides used in this study.
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